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1. Introduction 

Thermal  radiation from entry body flow fields has  been investigated 

Ear ly  studies were l v g e l y  concerned with extensively for many years .  

orbital and sub-orbital Ea r th  entry. 

superorbital  entry velocit ies,  many recent  theoretical studies and 

laboratory and flight experiments have been concentrated in this regime. 

Through a simplified analysis of the atomic deionization and free-free 

mechanisms, Breene and his associates  predicted that for hypervelocity 

entry body temperature  and density levels the bulk of the energy radiated 

f r o m  a thin layer  of gas ( a  1 c m  layer thickness was generally assumed) 

would be a t  wavelengths below . 2 /(I (1) (2).  

have published high temperature  theoretical resu l t s  that showed the 

importance of the vacuum UV region (3 )  (4). 

the deionization and F-F mechanisms were important and a l so  that atomic 

line radiation would be the most  significant contributor to UV gas radiance 

over important ranges of temperature ,  density and layer  thickness. 

Biberman ' s  resu l t s  lose some of their  value, however, since the method 

of presentation, makes them difficult to use other than for  d i rec t  comparison 

with radiative heat t ransfer  (not intensity) measurements.  

contributions to the theoretical aspects of this problem have been made; 

fo r  example,  see Refs. 5 and 6. 

With the increased in te res t  in 

Biberman and his  associates  

This work concluded that 

Several  other 

At the GE Space Sciences Laboratory,  experimental in te res t  in super-  
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orbital  flight simulation s ta r ted  in 1960 with the initiation of the development 

of electrically driven shock tubes and tunnels (7  

response total radiation measurement technique with wide spectral  

capability was recognized and led to the development of the thin film 

cavity gage (8). 

tube and can be used with or  without absorbing mater ia l s  (windows, cooled 

tes t  gas) in the path between the radiating sample and the sensor. 

The need for a fas t  

This gage can be used in models or  in the walls of a shock 

Work under contract  to the Jet  Propulsion Laboratory was initiated in 

1962 (9) and continued under a new contract (10) i n  1963. 

direction for these studies was to iavestigate hypervelocity ( to  45, 000 f t / s ec )  

en t ry  into simulated Venusian atmospheres. 

published in Ref. 11. 

in the J P L  program of the vacuum UV predictions of Breene and Nardone 

for  N2-CO2 mixtures  (1) and for  a i r  (2 )  (which were used to show that air 

and N2-CO2 mixtures  have similar radiance propert ies  a t  high velocities) 

and the interpretation of entry mission radiative heating including the UV 

contributions (11). 

towards the study of Mars  entry and was concentrated, therefore ,  on the 

lower entry velocity regime ( less  than 38,  GGC fti 'aec). 

The initial 

Some of these resu l t s  were  

Of interest  to the present  study was the inclusion 

After this part  of the study, our J P L  work was directed 

The potential importance of vacuum UV radiance f o r  the superorbital  

E a r t h  entry of blunt bodies was discussed at  the NASA Contractors '  

Conference on En t ry  Fluid Physics Research  in Washington in December,  

1963, and our present  study contract with NASA-OART began in 1964. 



To date, our work has  shown the existence of an important contribution 

to air radiance over a simulated velocity range of 34, 000 to 42, 000 f t / s ec  

and at wavelengths below those cut off by the usual window materials.  

techniques used and some of our preliminary data were discussed at  the 

NASA Contractors '  Conference in  March 1965 and a r e  described in Ref. 12. 

Our most recent  resu l t s  a r e  given in this progress  report .  

pa r t  of our present  program is to  extend our investigation to the 60 ,000  f t / s e c  

simulated velocity level to study the effects of convective-radiative energy 

coupling. 

has  been demonstrated and will be discussed. 

recent  analytical investigations and their  implication in entry flight. 

The 

An important 

The existence of a satisfactory tes t  f low at  this energy level 

We will a lso discuss several  

Publications of interest  to this problem a rea ,  not mentioned above and 

generated by SSL personnel, a r e  given in the reference l i s t  (13) (14) (15) 

(16) (17). 
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2. Analvtic a1 Con side rations 

Calculations were made of the emission coefficient for free-bound 

= 10 , 10 - 3  - 2  transit ions in a i r  in local thermodynamic equilibrium a t  f / f' 

and 10 , over a range of temperatures between 10, OOOOK and 20, OOO°K. 

performing the calculations, spectral  absorption coefficients for N and 0 

-1 
In 

given in  Ref .  6,  which were obtained from the calculations of photoionization 

cross-sect ions according to Burgess  and Seaton, were  used. 

concentrations of atomic nitrogen and oxygen in  a i r  a t  elevated temperatures  

were taken f rom the tabulations of Ref. 18. In Fig. 1 the integrated emission 

coefficient at 3 / f  = for wave numbers 5 > 88000 cm'l a r e  compared 

with s imi la r  resu l t s  of Hahne (5) and Breene (2). 

The particle 

In applying these data to actual radiation t ransfer ,  account was taken 

of both emission and absorption. This was accomplished by performing the 

integration of the t ransfer  equation 

between l imits  of x = 0 and L = 0.5, 1 ,  2, 5 cm. In this expression K is the 

sum of the absorption coefficients due to photoionization of 0 and N. 

resul tant  monochromatic intensity w a s  integrated from 500 a to 1130 2 and 

added to Breene:s preriicied iiiieiisiti; fsr ,Z > !600 -4. 

The 

0 
In Fig,  2 a comparison 

is made between the intensity so  calculated and the ea r l i e r  resul ts  of Ref. 2. 

The plotted curves correspond to model stagnation conditions in a shock tube 

flow at  initial shock tube p res su re  P1 = 0.3 m m  which corresponds to a 

nominal point of the present  experimental range. Here i t  should be pointed 
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out that neither calculation includes contributions from atomic and ionic l ine 

radiation. 

wavelength spectrum. 

due to the line radiation one can refer  to the calculations of Vorobev and 

Norman (3)  for a nitrogen plasma-Fig. 3. At a temperature  of 14000 K and 

a p res su re  of 1 a tm,  they predict  that line radiation will exceed a l l  other 

sources  of emission (including free-bound transit ion in  the vacuum U V )  by a 

factor between 1.5-2.7 for L between 1 and 100 cm. 

It can be shown that mos t  of this will appear in the UV range of the 

To obtain an approximate a s ses smen t  of the magnitude 

0 

For application to the flight of spherically blunt bodies, radiating 

This work includes heating r a t e s  have been predicted by Biberman, e t  a1 (4). 

the mechanisms mentioned above and accounts for  self absorption in  the ca l -  

culation of radiant energy t ransfer .  

developed using these resul ts  and the stand-off distance predictions of Serbin 

(19) - Fig. 4. 

A flight velocity-altitude correlat ion was 

It is interesting to note that over a region of spherical  body 

nose radius  - . 3 f t .  to 30 f t .  - the radiative heat  t r ans fe r  is approximately 

proportional to RN* 61 r a the r  than directly to RN which one would obtain for an 

optically thin shock layer.  

f ract ion of the energy flux ac ross  the bow shock wave, propert ies  of the flow 

in  the shock layer  will  be different from those predicted on the basis  of no 

radiation loss.  

energy  convected to the shock layer in the vicinity of the stagnation point a r e  

a l so  plotted in Fig. 4. 

shown that even for smal l  values of Y an appreciable reduction of total 

( radiat ive and convective) heating can resu l t  compared to that calculated for  

If the radiated energy becomes an appreciable 

Lines of constant ratio ( Y j of the energy raciiaied away to the 

Using a simple stagnation flow model, Goulard (20)  has  

- 5 -  



the no-coupling assumption. Similar resul ts  have been obtained by Howe and 

Viegas (21) and Hoshizaki and Wilson (22). 

To i l lustrate  the variations possible in  the use of different prediction 

methods, heat t ransfer  calculations f o r  a point typical of the t ra jectory of a 

P ro jec t  F i r e  vehicle were  made. 

taken a s  34,600 ft lsec and 171,600 f t ,  respectively. 

of s eve ra l  methods of arr iving a t  the total heat t ransfer  a r e  shown. 

approaches,  the non-coupled stagnation point convective heat t ransfer  ra te  was 

constant as given by Brunner,  e t  a1 (23). 

the assumption of optically thin layer with no radiative coupling. 

relatively sma l l  difference between calculations allowing self-absorption in the 

UV region of the spec t ra  using Breene's intensities and the absorption coeffic- 

ients  of Sherman and Kulander. 

t ransfer  prediction (Fig. 4 )  is almost  as high as the non-absorbed calculation. 

It should be remembered  that this i s  only co-incidental since each method 

depends on different assumptions. Because of the relatively high level of energy 

radiated away by the shock layer in  this case  ( Y % . 0 3  for an RN = 2. 5I-Fig. 4 ) ,  

some allowance should be made for  changes in  the proper t ies  of the flow and 

the subsequent effect  on radiative and convective heat t ransfer .  

of no method that adequately accounts for  coupling with the type of seif-  

absorbtion involved, we have simply used Goulard's  correct ions for a t r ans -  

pa ren t  gas  to modify Biberman's predictions. 

reduced by approximately 24%. 

indication of the magnitude of the correction and not an  accurate  prediction. 

The re -en t ry  velocity and altitude were 

In Fig. 5 the resu l t s  

In all the 

The highest prediction resu l t s  f rom 

There  is a 

The uncoupled Biberman radiative heat 

Since we know 

The total heat t ransfer  ra te  was 

This resu l t  mus t  be considered to be only an 
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3. Experimental  Study 

The experimental  measurements  of the total radiative intensity a r e  

made in  e lec t r ica l  a r c  driven shock tube. The stagnation region shock layer 

ahead of a blunt model is the high temperature  t e s t  gas  sample.  Before such 

studies could be conducted, the quality and duration of the uniform tes t  con- 

ditions in the shock tube were investigated (16). Because of the wide spec t ra l  

range in which air species  radiate and for other considerations (12) ,  a total 

radiation cavity gage in  a windowless configuration was developed as a sensor  

of radiant energy. 

ment  stages.  

used i n  the gage to sense the temperature  of the quartz substrate.  

el iminated by filling the space inside the cavity gage with an ine r t  gas  mixture  

(He-Kr) character ized by a large collision cross-sect ion for electrons.  

gas  apparently produces a space charge which inhibits the photoemission. 

second problem was to conceive a method which would retain the iner t  gas  

mixture  p r io r  to the a r r iva l  of the incident shock wave a t  the model but which 

would pe rmi t  the radiation from the shock layer to enter  the gage during the 

t e s t  period. 

can  be opened at a predetermined time. 

this technique, it has  been found that the inherent delay between the t ime of the 

capaci tor  discharge which supplies the heat pulse to the s t re tched latex m e m -  

brane and the t ime of the opening i s  strongly dependent on the shape of the 

c u r r e n t  pulse and on the homogenity of the latex. 

Several  difficulties were  encountered during the develop- 

One of them was the photoemission from the thin platinum film 

This was 

This 

A 

F o r  this purpose a latex membrane shutter was  developed which 

As we have gathered experience with 
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Several  oscilloscope t r a c e s  of the cavity gage signal a r e  shown in  

The records  were obtained in the windowless model filled with Fig. 6. 

50% He - 50% K r  gas mixtures  a t  a p re s su re  equal to the predicted stagnation 

point p re s su re .  

P = 0 ,  33 m m  Hg. A plot of gas radiance data reduced from one of the runs 

is shown i n  Fig,, 7. The flow about the blunt model requi res  approximately 

6-8 p sec.  to be established. A uniform gage heat t ransfer  ra te  follows for 

about 11 p sec.  a t  which t ime the tes t  flow terminates  and a mixed region of 

driven and tes t  gases  a r r i v e s  a t  the model. 

All runs (both with and without windows) were  made a t  

A s e r i e s  of runs was made with the cavity gage behind a LIF  window 

i n  the hemispherical  model. The inter ior  of this model was also filled with 

a mixture  of He and K r .  The reduced data,  accounting for the shock layer  

thickness and hence for the effective volume of the radiating gas ,  a r e  plotted 

in Fig. 8 ,  where they a r e  compared with theoretical  predictions. 

follow closely the predictions of the total radiance in the spec t ra l  region 

between . 1 6  and 10 p . 
a re su l t  which l ies  close to the LIF window data. 

The resul ts  

A single run obtained with a quartz window produced 

Data obtained with the windowless cavity gage system a r e  a lso shown 

in Fig. 8. 

The l a t e r  resu l t s  were  obtained in  models differing f rom the ea r ly  models 

only in  the internal design of the seal which holds the stretched latex 

membrane. 

previous ones. 

The data points reported on ea r l i e r  a r e  indicated by c rosses .  

As can be seen  these resul ts  l ie  considerably higher than 

Three points obtained in a model which had par t  of the 
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translucent cap outside the entrance slit left uncovered a r e  marked by 

squares ,  These points have been corrected analytically by using Breene 's  

high wavelength predictions and assumed t ransmission character is t ics  for 

the cap. The resu l t s  of Vorobev and Norman ( 3 )  shown in Fig .  3 predict  

that for the optical thickness of the present  experiments i t  is possible to 

have the radiation f rom the l ines  far exceed the remaining contributions. 

An estimate of this contribution has been made and is shown in Fig. 8 

with other predictions of gas radiance. The scatter exhibited in the 

windowless data shown in Fig. 8 is not considered to be satisfactory. 

Therefore,  we a r e  presently investigating the effects of several  problems 

we have had which may influence the results.  

la te  opening of the la tex shutter and an induced electr ical  interference 

(other than photoemission) that appears on several  sensors  at the time of 

a r r iva l  of the incident shock wave at the model. The la t ter  effect is not 

apparent in the cavity gage response on each run (see  t r aces  in  Fig .  6 ) .  

Until these problems a r e  resolved the data presented here  must be 

considered to be preliminary. 

These include premature and 

Fig. 9 shows a sidewall photomultiplier observation of the stagnation 

region of a blunt model in  the shock tube. This is  the technique we use 

standardly to identify tes t  flow duration and uniformity. The Pi  and US 

values  correspond to simulated flight velocity and altitude conditions of 

approximately 60 ,000  f t / s ec  and 135,000 f t ,  respectively. There a r e  9 

microseconds of uniform tes t  flow behind the incident shock wave of which 
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about half a r e  required to establish a steady flow around the model. 

extreme tes t  condition is obtained by using a smal l  diameter dr iver  with 

our relatively la rge  capacity energy storage bank, 

This 

The model flow at these conditions is strongly coupled ( 1 = . 10) 

even for the smal l  diameter models used in the shock tube. 

during the present  program is to  extend our total radiation measurements  

to this flight velocity regime (and beyond) to determine the effects of 

Our plan 

coupling on gas  radiance. 

-10 - 



Reference s 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

Breene, R. G., Jr.,  and Nardone, M. C. ; Radiant Emission in the 
Atmospheres of the Te r re s t r i a l  Planets ;  Symp. on Dynamics of 
Manned Lifting Planetary Entry; Phi la . ,  Pa . ,  Oct. 1962, Proc.  
Pub. by John Wiley & Sons, 1963. 

Nardone, M., Breene, R. G. ; Radiance of Species in High Temperature  
Air ;  GE TIS R63SD3; June, 1963. 

Vorobev, V. S. and Norman, G.E. ; Energy Radiated in Spectral  Lines 
by an Equilibrium Plasma;  Optical Spectr. 17, 180; 1964. - 
Biberman, L.M., Vorobev, V.S., Norman, G.E. and Iakubov, I. T . ;  
Radiation Heating in Hypersonic Flow; Kosmich Issled, Vol. 2 ,  No. 3, 
pp. 441-454; 1964. 

Hahne, G.E. ; The Vacuum Ultraviolet Radiation f rom N-t and Ot 
Electron Recombination in High-Temperature Air;  NASA TN D-2794; 
June, 1965. 

Sherman, M. P. and Kulander, J. L. ; Free-Bound Radiation f rom 
Nitrogen, Oxygen, and Air ;  GE TIS R65SD15; May, 1965. 

Warren, W.R., Rogers ,  D.A., and Har r i s ,  C. J . ;  The Development 
of an Electr ical ly  Heated Shock Driven Tes t  Facility; GE TIS R62SD37, 
April, 1962. Also, Proc.  2nd Symp. on Hypervelocity Tech., Denver 
Res. Inst . ,  Denver, March, 1962. 

Gruszczynski, J .S. ,  Har r i s ,  C. J . ,  Rogers ,  D. A.,  Warren, W.R.; 
F a s t  Response Total Radiation Gage fo r  Measurement of Radiant 
Emission f rom High Temperature  Gas; GE TIS R63SD11; January,  1963. 
Also IEEE Conf. Paper  No. 63-438; January,  1963. 

Venus-Mars Capsule Study, JPL Contract No. $56250. 

Hypervelocity Heat Transfer  Studies in Simulated Planetary Atmospheres,  
JPL Contract No. 950297. 

Gruszczynski, J. S. and Warren, W. R. ; Experimental  Heat Transfer  
Studies of Hypervelocity Flight in Planetary Atmospheres; AIAA Paper  
No. 63-450; Aug. 1963. Also AIAA Journal, Vol. 2, No. 9, 
pp. 1542-1550; Spet. 1964. 

- 11 - 



12. Gruszczynski, J. S., Warren,  W. R. and Rogers ,  D. A. ; Shock Tube 
Techniques fo r  Studies of High Temperature  Gas Radiance; Pres. a t  
5th Shock Tube Symposium, Silver Spring, Md; April,  1965. Also 
GE TIS R65SD33; 1965. 

13. Gruszczynski, J. S. and Warren, W. R. ; Measurements of Hypervelocity 
Stagnation Point Heat Transfer  in  Simulated Planetary Atmospheres; 
GE TIS R63SD29; March, 1963. 

14. Gruszczynski, J. S. and Warren, W. R. ; Final Report ,  J P L  Contract 
No. 950297, March, 1964. 

15. Gruszczynski, J. S. ,  Warren, W. R. and Diaconis, N. S. ; Laboratory 
Simulation of Hypervelocity Heat Transfer  Problem During Planetary 
Entry; GE TIS R64SD73; Nov., 1964. 

16. Gruszczynski, J. S. and Rogers, D. A. ; Shock Tube Instrumentation 
Techniques for Study of Hypervelocity Ent ry  Problems;  GE TIS 
R64SD67; Sept.,  1964. 

17. Diaconis, N. S. , Warren,  W. R. and Shaw, T. E. ; The Hypervelocity 
Heat Protection Problem; to  be presented at XVI Inter. Ast. Congress,  
Athens; Sept., 1965. 

18. Browne, W. G. ; Thermodynamic Proper t ies  of the E a r t h  Atmosphere; 
General Elec t r ic  Radiation and Space Physics TM No. 2; Nov., 1962. 

19. Serbin, H. ; Supersonic Flow Around Blunt Bodies; J. Aero Sci., 
Vol. 25, No. 1, pp. 58-59; Jan. , 1958. 

20. Goulard, R. ; The Coupling of Radiation and Convection in  Detached 
Shock Layers;  JQ SRT, Vol. 1, pp. 249-257; 1961. 

2 1. Howe, J. T. and Viegas, J. R. ; Solutions of the Ionized Radiating Shock 
Layer ,  Including Reabsorption and Foreign Species Effects, and 
Stagnation Region Heat Transfer ;  NASA TR R- 159; 1963. 

22. Hoshizaki, H. and Wilson, K. H. ; The Viscous, Radiating Shock 
Layer About A Blunt Body; presented a t  the AIAA Entry  Technology 
Conference, Oct. 12- 14, 1964, Williamsburg, Va. (AIAA Publication 
CP-9, pp. 65-76). 

23. Brunner,  M., Dohner, C . ,  Langelo, V . ,  Rie,  H.; Flow Field 
Prediction and Analysis-Project FIRE; GE TIS 64SD727; May, 1964. 

- 12 - 



' 0 2 i  

- SHERMAN (500 A d X 

---HAHNE ( 4 0 0 % ~ X ~ 1 1 3 0 % )  

--- BREENE ( 5 0 0 % I ~ 1 1 1 3 0 ~ )  

7353% ) 

I ' I 1 1 I I I I 
14 I6 18 20 22 8 10 12 

TEMPERATURE x 1 0 - ~ O K  

Fig:t*rt. 1 .  C~ornpariscir, b t t w e e n  s e c e r a l  predictions of free- 
bound e r n ~ s s l m  co.c.ffic1ents for  a i r  at p / p  = 10- 3 . 

0 



Cr 
I- 
v, 

E 
0 

I 
N 

I 

H 

lo5 

104 

03 

IO 

BREENE ET AL (.05 - lop --- .-- 

--- II la ( . I O -  lop) 

II II (. I6 - lop I 
. AND SHERMANET AL (.05-.12p) 

P , s O . 3  M M  Hg 

L = l C M  

/ ,/ y 
/ ‘ /  / 

0’ 
0 

/ 

IO 1/11 112 13 14 15 16 

24 26 20 30 32 34 36 

US FTISEC 

F1gurt-  C .  Radrqri  c ir ttr s i t y  of a i r  for blunt model stagnation 
conditions in a shock tube. 



* 
0 

m -  
I 

0 - 
X 

W 
U 
3 
I- 
U a 
W 
0 
H 
W 
I- 

s 
0 

rr) 
I 

0 - 
X 

W 
U 
3 

n 
W a 
H 
W 
I- 

2 

E 
0 
k 

rw 
c 
Q, 

2 
c, 

G 
Q) 
M 
0 
k 

c 
c, .rl 

2: 
.rl 

m 

c 
Id 
a 

.d 
c, 

.rl 

2 
cn 
1 
0 
.rl 
k 

u 
m 

k 
1, v 



300- 

2 8 0 -  

2 6 0 -  

2 4 0 -  

t-: 
k 2 2 0 -  
w 
0 
3 

I- 
c < 2 0 0 -  

1 8 0 -  

I 6 0  

140 

- 

- 

! 2 9  ! I  I I I I I 

30 34 38 42  46 50 
VELOCITY, KFT./ SEC. 

(F*. 

102 

103  

104 

FigLse  4. Eq ,I 115: bzlm air Padiative heating. 



BREENE 
(NON-ABS.) 

BIBERMAN 
(COUPLED 1 * 

* GOULARD PREDICTION USED TO 
ESTIMATE COUPLING EFFECTS 

Figure 5. Co_rv-e\ f i b t  ar,d r a d i a t i v t  h e a t  t ransfer  predictions 
fo? P:>CJC t Fi1,t. 



.. 
I 

0 

1 
H I 

1. 
f 

W 
2 
I- 
- 

o 
W 
v) 
\ 
I- 
LL 
0 
0 
a, 

d- 
(9- 

3 
t I  

0 
W 
v) 

LL 
0 
0 
d- 

m 

3 

2 

e- 
I I  
u) 

0 w 
v) 

LL 
0 
0 
m 

e 

3 

'2 w 
v) 

LL 
0 
0 
0 
m 

II  
tn 

2 

cui 
II 
+ 

: 

i - 

3 I 

3 

I d 4  

Id 
k *  id 

ZpI  

4 



0, 
I 

s z 

0 
m 
!! 

Q- 

3 
0 
-I 
LL 

I- 
tn 
w w  
I- 

LL 
0 

n 
7 w a J +  



P, = 0.3 MM HG 

L = I C M  

0- LiF  WINDOW 

A -  QUARTZ WINDOW 

1 

PRELIMINARY DATA 
WINDOWLESS 

@ 

a '0 

THEORETICAL CURVES BASED ON 
ABSORPTION COEFFICIENTS BY : 
- BREENE (0. I6 - IO p )  

SHERMAN (0.05-0.113p) 

/ 
1 

-- BREENE (0.16 - l o p )  

Y,, VOROBEWALL XI 

U f  x IO-', FT/SEC 

30 35 40 45 
1 1 I I 1  1 I I 1 

22 24 26 28 30 32 34 36 
Us x 10-3, FT/SEC 

Figstrt  .8. Expt ' ~ m t  r i l i , !  data of radiative intensity obtained in 
modt m : t h  and without windows.  



END 
"' -./ ARRIVAL TEST TIME SHOCK 

P, = 0.25 MM Hg 

Us = 44,000 F T /  SEC 

Figure 9. Oscilloscope trace of photomultiplier viewing model 
stagnation flow. 


